Haemophilus influenzae is one of a growing number of bacteria in which the natural ability to uptake exogenous DNA for potential genomic transformation has been recognized. To date, several operons involved in transformation in this organism have been described. These operons are characterized by a conserved 22-bp regulatory element upstream of the first gene and are induced coincident with transfer from rich to nutrientdepleted media. The previously identified operons comprised genes encoding proteins that include members of the type II secretion system and type IV pili, shown to be essential for transformation in other bacteria, and other proteins previously identified as required for transformation in H. influenzae. In the present study, three novel competence operons were identified by comparative genomics and transcriptional analysis. These operons have been further characterized by construction of null mutants and examination of the resulting transformation phenotypes. The putative protein encoded by the HI0366 gene was shown to be essential for DNA uptake, but not binding, and is homologous to a protein shown to be required for pilus biogenesis and twitching motility in Pseudomonas aeruginosa. An insertion in HI0939 abolished both DNA binding and uptake. The predicted product of this gene shares characteristics with PulJ, a pseudopilin involved in pullulanase export in Klebsiella oxytoca.
Haemophilus influenzae is the etiological agent of several human diseases, including meningitis, otitis media, and respiratory infections in patients with predisposing conditions such as cystic fibrosis and chronic obstructive pulmonary disease (19, 51, 57) .
This species is among a large number of organisms, including other members of the family Pasteurellaceae, that are capable of internalizing exogenous DNA for incorporation into the bacterial chromosome, a process termed transformation (17, 23, 24, 58) . In the well-characterized strain Rd KW20, an acapsular derivative of a type d strain (1) , a state of transformation competence develops spontaneously with an increase in transformation frequency rising from 10 Ϫ8 during early-logphase growth to 10 Ϫ4 in late-log-phase cells (49) . The transformation frequency can be further increased by transfer into a nutrient-depleted medium (27) or by transient anaerobiosis (21, 22) . Transformation of H. influenzae has been observed in vivo in diffusion chambers implanted in the peritoneal cavity of rats (14) , and a recent study reported horizontal transfer of ompP2 gene sequences between H. influenzae strains colonizing the respiratory tract of a patient with chronic obstructive pulmonary disease (29) . Competence and transformation may be important contributors to the evolution of virulence. The ability to exchange genetic material between colonizing organisms could result in the acquisition of new virulence determinants and altered alleles, contributing to avoidance of the host defenses. Alternatively, competence ability in H. influenzae could also enhance adaptation to the host during colonization by providing nucleotides as an alternate nutrient source.
Development of competence in H. influenzae requires conditions in which cell division is slowed, but protein synthesis continues (48, 54) . Maximal levels of competence in vitro (transformation frequency of 10 Ϫ3 to 10 Ϫ2 ) occur coincident with a transition from rich medium to a nongrowth starvation medium such as MIV (28) . This finding suggests that competence development is related to the nutritional state of the cells. Additional evidence of the role of nutrition in competence includes the observation that moderate levels of competence develop spontaneously in late-log-phase cultures (10 Ϫ4 transformation frequency) but can be induced in early-logphase cultures by the addition of cyclic AMP (cAMP) (62) . Furthermore, the addition of purine precursors to MIV has an inhibitory effect on competence development (36) .
Most of the operons containing genes known to be directly involved in DNA uptake and transformation in H. influenzae have a conserved 22-bp palindromic element called the competence regulatory element (CRE) directly upstream of the transcriptional start sites (32, 35) . The product of HI0601 tfoX (sxy) is required for transcription of operons containing the CRE, and insertions into tfoX completely abolish transformation development (32, 61, 63) . Adenylate cyclase, encoded by the cya gene, is also required for competence development but the transformation-defective phenotype expressed by the cya mutant can be suppressed by addition of exogenous cAMP (15) . Competence development is also eliminated by mutations in crp, the gene encoding the cAMP-receptor protein (CRP), but cannot be restored by treatment with exogenous cAMP (9) . It has been suggested that CRE sites share significant similar-ities to CRP binding sites and that the cAMP-CRP complex might activate transcription of transformation genes by binding to the CRE in association with a competence-specific factor such as TfoX (35) .
Ten putative CRE sites in the Rd KW20 genome have been previously identified (Fig. 1) . Mutational analysis of genes in five of these operons has confirmed a role of those genes in transformation in H. influenzae. While many of the CRE sites are located between divergently transcribed operons, divergent transcription from a CRE site has not been described. We applied in silico, transcriptional, and mutational analyses to characterize three of the previously unexamined CRE regions (CRE0364, CRE0937, and CRE1181) to determine their role in transformation in H. influenzae.
MATERIALS AND METHODS
Bacterial growth conditions. All bacterial growth media were obtained from BBL/Difco (Becton Dickenson, Sparks, Md.). H. influenzae strains were cultured at 37°C on chocolate II agar or brain heart infusion (BHI) agar supplemented with 10 g of heme/ml and 10 g of ␤-NAD/ml (supplemented BHI; sBHI). Liquid cultures were grown in sBHI broth. Escherichia coli strains were cultured at 37°C in Luria-Burtani (LB) broth or LB agar. See Table 1 for the antibiotic concentrations that were used. LB agar was supplemented with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) at 40 g/ml when appropriate.
Nucleotide sequencing. Nucleotide sequencing was performed by the Recombinant DNA/Protein Resource Facility at Oklahoma State University, Stillwater.
Computational analysis. Partial annotation of incomplete genomic sequences was accomplished with Artemis 5 (50) and the BLAST algorithms (National Center for Biotechnology Information) (2, 20) . The presence of export signal sequences was detected with SignalP 2.0 (http://www.cbs.dtu.dk/services/SignalP -2.0/) (43) . The likelihood of a signal peptide cleavage site in a particular protein was scored as a positive or negative for four different properties with the neural Plasmid constructs were transformed into H. influenzae by two methods. In the first method, cells were made competent by the MIV procedure, and plasmids were introduced by the method described by Poje and Redfield (44) . In the second method, plasmids were introduced into H. influenzae strains by electroporation by the method of Mitchell et al. (40) with the following changes: cells were grown to an optical density at 600 nm of 0.4, and electroporation was performed at 14 kV/cm. Following the introduction of plasmids by either method, 2 ml of sBHI was added to the cells and the mixture was allowed to incubate for 2 h at 37°C to allow expression of the plasmid-borne antibiotic marker.
PCR protocol. Each 50-l reaction mixture was composed of 1ϫ reaction buffer (10 mM Tris-HCl, 1.5 mM MgCl 2 , 50 mM KCl [pH 8.3]), 25 pmol of each primer, 0.5 g of template DNA, 200 M deoxynucleoside triphosphate mixture (50 M each dATP, dCTP, dGTP, and dTTP), and 2.5 U of Taq DNA polymerase (Roche Applied Science, Indianapolis, Ind.). Thirty cycles of PCR were performed (each cycle consisted of denaturation at 95°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1 min/kbp of expected product), followed by extension at 72°C for 10 min.
Gene expression during competence development. The kinetics of competence induction in MIV medium and transcriptional analysis of potential CRE-controlled operons were analyzed by quantitative real-time PCR (Q-PCR). A 100-ml culture of H. influenzae Rd KW20 was grown in sBHI to an optical density at 600 nm of 0.3. A control was obtained by removing a 1-ml sample and mixing the sample with 2 ml of RNAProtect (QIAGEN) to stabilize the RNA. The remainder of the culture was collected by centrifugation at 3,000 ϫ g, washed once, resuspended in 100 ml of prewarmed MIV medium, and then incubated with vigorous aeration at 37°C. One-milliliter samples for analysis of RNA profiles were taken at 0, 20, 40, 60, 80, 100, 120, 140, and 160 min and mixed with 2 ml of RNAProtect. The samples were incubated for 10 min at room temperature and then centrifuged at 14,000 ϫ g to pellet the cells. The supernatant was aspirated, and the pellets were frozen at Ϫ20°C until they were processed. RNA from each sample was isolated with the RNeasy mini kit (QIAGEN) as directed by the manufacturer and resuspended in 30 l of RNase-free water. Residual chromosomal DNA was removed by digestion with amplification grade DNase I (Invitrogen). The RNA samples were used to prepare cDNA in a 20-l reaction mixture containing 7 l of template RNA, 5.5 mM MgCl 2 , 500 M each deoxynucleoside triphosphate (dATP, dCTP, dGTP, and dTTP), 1ϫ RT buffer, 80 mU of RNase inhibitor, a 2.5 M concentration of random hexamers, and 25 U of MultiScribe reverse transcriptase (Applied Biosystems, Foster City, Calif.). The synthesis reaction mixture was incubated at 25°C for 10 min, followed by incubation at 48°C for 30 min. The reaction was terminated by heating at 95°C for 5 min. Prior to analysis, the cDNA was diluted by addition of 180 l of RNase-free water. Q-PCR was utilized to examine transcription of 16S rRNA (normalizer), known competence-related genes (tfoX, comA, and rec-2), and possible competence-regulated genes identified in this study (HI0364, HI0366, HI0368, HI0937, HI0938, HI0939, HI0942, HI1181, and HI1182). Q-PCR. Gene-specific oligonucleotide primers were designed with Primer Express 2.0 (Applied Biosystems). Primers were tested to determine amplification specificity, efficiency, and linearity of amplification to RNA concentration as described by the manufacturer. A typical 25-l reaction mixture contained 12.5 l of SYBR Green PCR Master Mix, 250 nM each primer, and 5 l of cDNA sample. Quantification reactions for each gene at each time point were performed in triplicate and normalized to concurrently run 16S rRNA levels from the same sample. Relative quantification of gene expression was determined by the 2 (Ϫ⌬⌬CT) method of Livak and Schmittgen (34) , where
Directed mutagenesis of HI0365 and HI0939. A 4,019-bp region of the H. influenzae Rd KW20 genome consisting of genes designated HI0364 to HI0367 was amplified by PCR with primers 0364CloneF and 0364CloneR ( Table 2 ). The PCR product was cloned into pCR2.1-TOPO to yield pTV10 and plated on LB agar containing ampicillin and X-Gal. TTTTGCGATC  ATCG AAAA  TTTTGCGATC  ATCGCA A  TTTTGCGATC GATCGCA AA  TTTTGCGATC GATCGCAAA  TTTTGCGATC CATCG AAAA  TTT GCGATC  ATCGCAAA  TTTTGCGATC  ATCGCAAAA  TTTTGCGATC GATCGCAAAA  TTTTGCGATC GATCGCAAAA  TTTTGCGAT  GATCG performed by automated DNA sequencing. The EcoRV-excised spectinomycin cassette from pSPECR was successfully cloned into the unique SwaI site (located within HI0365) of pTV10 to yield pTV15. The presence of the correct construct was confirmed by restriction digestion and DNA sequence analysis. The mutant allele was transformed into H. influenzae Rd KW20 by the static aerobic transformation method (41) . Following overnight growth, transformants were selected on sBHI containing spectinomycin. Chromosomal DNA from selected transformants was prepared, and the presence of the correct construct in the H. influenzae genome was confirmed by PCR size analysis with primers QPCR-0365-F and QPCR-0366-R2. An insertion into HI0939 was created in the same manner. A 2,614-bp region of the H. influenzae Rd KW20 genome, consisting of genes designated HI0937 to HI0940, was amplified by PCR with primers 0938CloneF and 0938CloneR and cloned into pCR2.1-TOPO to result in pTV05. The spectinomycin cassette from pSPECR was cloned into the unique SwaI site in pTV05 (located in HI0939) to create pTV23. Following transformation into Rd KW20, the presence of the correct insertion was verified by PCR analysis with primers QPCR-0939-F and 0938Clone-R.
Directed mutagenesis of HI0366. Directed deletion of HI0366 was performed by the method previously described by Morton et al. (42) . A 1,384-bp region immediately upstream of HI0366 was amplified from the Rd KW20 genome by PCR with primers 0366-UP-A and 0366-DN-B and cloned into pCR2.1-TOPO to create pTV16. A 934-bp region immediately downstream of HI0366 was amplified by PCR with primers 0366-DN-A and 0366-DN-B and cloned into pCR2.1-TOPO to create pTV17. These primers were designed to include unique restriction sites to facilitate cloning and assembly of mutagenic contructs. The upstream and downstream regions were cloned into pUC18N and transformed into E. coli by electroporation, and an isolate containing a plasmid exhibiting a single band of appropriate size upon agarose gel electrophoresis was chosen and designated pTV18. The spectinomycin resistance cassette from pSPECR was inserted into pTV18 at the unique BamHI site engineered at the junction of the upstream and downstream fragments. The correct construct was verified by restriction digestion and automated DNA sequence analysis. The construct was transformed into H. influenzae Rd KW20 as described above and plated on sBHI containing spectinomycin. Resistant colonies were chosen, and an Rd KW20 mutant lacking HI0366 was verified by PCR size analysis with primers 0366-UP-A and 0366-DN-B and primers QPCR-0366-F2 and QPCR-0366-R2.
Directed mutagenesis of HI1182/HI1183 (ligA).
The open reading frames (ORFs) designated HI1182 and HI1183 in the Rd KW20 genome form a single ORF, containing a frameshift in the original sequence data, that encodes an ATP-dependent DNA ligase (LigA) (12 The numbers shown correspond to the HI strain designation (e.g., HI0365) in the Rd KW20 annotation, unless otherwise indicated, and are based upon the closest homolog in the Rd KW20 sequence. Black arrows indicate genes whose location in reference to the CRE element is conserved across the family; gray arrows indicate genes with partial positional conservation; white arrows indicate genes whose association with the CRE element in Rd KW20 is not conserved in the family. (B) Comparison of the putative CRE sequences upstream of the HI0365 homolog in each organism compared to the consensus CRE sequence from Rd KW20 (Cons). Nucleotides in boldface share 100% identity with the conserved sequence. (C) Degree of similarity of genes homologous to HI0365 and HI0366 in the Pasteurellaceae. DNA binding and uptake analysis. Radiolabeled DNA for use in assays testing the ability to bind and uptake transforming DNA was prepared by nick translation as described by Dougherty and Smith (16) . To digest the 3Ј termini of the DNA, 12 g of MAP9 DNA (Nov r [novobiocin resistant]) was incubated at 37°C for 25 min in a 100-l reaction mixture containing 15 U of T4 DNA polymerase (Fisher Bioreagents, Fairlawn, N.J.), 1ϫ NEB Buffer 4 (20 mM Tris-acetate, 10 mM magnesium acetate, 50 mM potassium acetate, 1 mM dithiothreitol [pH 7.9]), and 0.1 mg of bovine serum albumin/ml. This was followed by the addition of dGTP, dCTP, and dTTP (final concentration of each, 100 m) and 30 Ci of [␣-
32 P]dATP (3,000 Ci/mmol), and the reaction was incubated at 37°C for 20 min. Unincorporated label was removed from the chromosomal DNA by Sephadex G-50 column chromatography. The volume of labeled DNA mixture was adjusted to 500 l with TE buffer (specific activity, 1.5 ϫ 10 5 cpm/g). Mutant and wild-type cultures (each, 5 ml) were made competent by incubation for 100 TTTTGCGATC GATCGCAAAA  TTTGCGAT  GATCGC AAA  TTTGCGATC G TCGCAAAA  TTTTGCGATC  ATC CAAAA  TTTTGCGATC  ATCG AA  TTTTGCGATC GATCG AAA  TTTTGCGATC GATCG A AA  TTTTGCGATC  ATCG AAAA   NN  C  ACA  K  C  C TC  TGC  T  TGT  T TT  AA  TG  AA  A T  TGC (60) 52 (68) on June 26, 2017 by guest http://jb.asm.org/ min in MIV medium as previously described. Prior to addition of radiolabeled DNA, 1 ml was removed to determine transformation frequency. Ten microliters of radiolabeled DNA (250 g) was added to 1 ml of competent cells, and the mixture was incubated for 10 min at 37°C with shaking. The samples were transferred to an ice bath and divided equally into two tubes to test DNA binding and DNA uptake. The sample for DNA binding was centrifuged and washed once with 1 ml of MIV medium and resuspended in 100 l of MIV. The sample for DNA uptake was treated with 10 g of DNase I for 5 min, followed by the addition of NaCl to a final concentration of 0.5 M. The cells were pelleted, washed once in MIV medium containing 0.5 M NaCl, and resuspended in 100 l of MIV. The total cell-associated count (DNA binding proficiency) and the DNase I-resistant count (DNA uptake proficiency) were quantified with a Beckman LS 6000SC scintillation counter. Determination of transformation frequency. One milliliter of competent cells was incubated with 1 g of MAP9 DNA for 15 min at 37°C, followed by the addition of 1 g of DNase I and further incubation for 5 min. Transformation efficiency was determined by the quantification method described by Jett et al. (31) . Briefly, 10-l samples from each dilution were plated in sextuplicate on square, gridded plates containing sBHI or sBHI-novobiocin. The use of novobiocin negates the need for an incubation period for development of antibiotic resistance. The frequency of transformation was determined by dividing the transformant colonies on the antibiotic plates by the viable count data from the control plates without selection. The effect of gene disruption on transformation efficiency was determined by dividing the transformation frequency of the mutant by the rate from a concurrently run Rd KW20 control. The benefit of adapting this quantification method to transformation studies is that more samples can be analyzed with far fewer plates than are required for increased statistical reliability, and the plating can be performed much faster than by traditional methods. The single downside is that the lowest transformation frequency that can be observed is 10 Ϫ7 . Comparison of this method to the standard protocol indicated that the transformation frequencies observed with both methods was equal for studied samples (data not shown).
A B Cons
Complementation of mutant strains. To complement the transformation defect in the HI0366 mutant strain (HI1926), a plasmid was constructed that carried the HI0366 gene. A 2.1-kbp PCR product, encoding ORF HI0365 and HI0366 and associated CRE site, was amplified from Rd KW20 genomic DNA with primers 0365-6F and 0365-6R. The product was cloned into pCR2.1-TOPO, as previously described, to create pTV29. This plasmid was digested with HindIII and BamHI, and the DNA band corresponding to the chromosomal insert was purified by agarose gel electrophoresis and subcloned into HindIII-BamHIdigested pSU2718, a shuttle vector with a p15a origin of replication that allows establishment of the plasmid in H. influenzae. This construct was electroporated into E. coli DH5␣, and a plasmid bearing the correct insertion was recovered and designated pTV30. This plasmid was electroporated into HI1926 to create the merodiploid strain HI1942. PCR analysis and antibiotic profiles confirmed that the original deletion was maintained in HI1942. The ability of wild-type strains Rd KW20, HI1926, and HI1942 to be transformed by MAP9 DNA to novobiocin resistance was compared by the MIV method of competence induction.
Similar methods were employed to attempt to complement the HI0939 insertion mutant. Plasmids were constructed bearing HI0938-HI0939 or HI0938-HI0941 and the associated CRE site in pSU2718. Neither MIV plasmid transformation nor electroporation was successful in establishing these plasmids in either Rd KW20 or the HI0939 mutant strain (HI1923).
Nucleotide sequence accession number. The nucleotide sequence of the complete HI1182/HI1183 (ligA) gene has been deposited in the GenBank database under accession number AY662955.
RESULTS
Computer analysis of CRE regions. Previous analysis of the Rd KW20 genomic sequence identified putative CRE sites upstream of ORFs HI0364 and HI1181 (32) . It was assumed that these CREs were associated with HI0364 and HI1181 due to proximity between the CRE site and these ORFs. However, both CRE sites are located between divergently transcribed operons and could effect transformation in either direction. Additionally, MacFadyen identified a site upstream of HI0937 (suhB) in strain Rd KW20 that was categorized as a binding site for the cAMP-CRP complex (35) , but this latter site displays an 85% match with the consensus CRE. Our BLAST analyses of the ORFs surrounding each of these sites indicated that the original assignments might be incorrect. The product of HI0366 showed significant homology to conserved hypothetical proteins annotated as putative fimbrial biogenesis and twitching motility proteins, suggesting that the protein is pilin related and therefore a possible competence factor. The designated subject for CRE0364 control, HI0364, encodes for a putative penicillin binding protein. While insertions in other penicillin binding proteins have been shown to have a negative effect on transformation in H. influenzae (16) , presumably due to changes in cell wall structure, none of these genes have been demonstrated to be under the control of the competence regulon and none are associated with apparent CRE elements.
Examination of the ORFs that could be divergently transcribed from the putative CRE0937 also identified potential pilin-related genes. The products of the ORFs designated HI0938 to HI0941 share little homology to proteins outside of members of the Pasteurellaceae. However, characteristics of these four putative proteins are consistent with prepilin proteins: their mass is less than 20 kDa, they contain short Nterminal leader peptides with a hydrophobic stretch, and they display no sequence conservation in the C-terminal regions (10) . In contrast, HI0937 shows significant homology (65% identity) to suhB from E. coli, a gene that encodes an inositol Organization and conservation of the CRE1181 region in the family Pasteurellaceae (A) Numbers shown correspond to the HI number in the Rd KW20 annotation unless otherwise indicated and are based upon the closest homolog in the Rd KW20 sequence. Black arrows indicate genes whose location in reference to the CRE element is conserved across the family. White arrows indicate genes whose association with the CRE element in Rd KW20 is not conserved. The A. actinomycetemcomitans and H. somnus LigA homologs demonstrated 69% identity (89% similarity) and 71% identity (85% similarity), respectively, to the Rd KW20 LigA sequence. (B) Comparison of the putative CRE sequences upstream of the ligA homolog in each organism compared to the consensus CRE sequence from Rd KW20 (Cons). Nucleotides in boldface share 100% identity with the conserved sequence. See the legend to Fig. 2 monophosphatase that also appears to participate in posttranscriptional control of gene expression (11) . Examination of the ORFs surrounding the putative CRE upstream of HI1181 indicates that HI1182/HI1183 is a candidate more likely to fall under the control of the competence regulon. HI1182/HI1183 encodes an ATP-dependent DNA ligase (LigA), whereas HI1181 encodes a phosphoheptose isomerase involved in lipooligosaccharide biosynthesis (6, 12) .
To gain further insight into the organization and potential regulon involvement of the ORFs contiguous with the three putative CRE sites discussed above, we analyzed homologous regions in the genomic sequences of the other members of the family Pasteurellaceae (Table 3 ). The sequence of the HI0365 and HI0366 homologs in Mannheimia haemolytica is incomplete and could not be analyzed. HI0365 and HI0366 homologs are present in the sequences from the other analyzed Pasteurellaceae and are associated with a putative CRE site immediately upstream (Fig. 2) . In Haemophilus somnus, Haemophilus ducreyi, and M. haemolytica, the ORFs downstream of HI0366 in Rd KW20 are located elsewhere in the genome and do not have an associated CRE site. Only Actinobacillus actinomycetemcomitans and M. haemolytica had HI0364 homologs, and these homologs do not have an associated CRE in either organism. The putative prepilin homologs HI0938 to HI0941 and recC were found as a unit with an associated CRE site in all the genomic sequences examined (Fig. 3) . In contrast, the homolog of HI0937 in each of the organisms was located elsewhere in the genome and did not have an associated CRE in any of the family members. Besides Rd KW20, only A. actinomycetemcomitans and the H. somnus strains contained ligA (HI1182/HI1183) homologs, but a putative CRE site was located immediately upstream of the gene in these organisms (Fig. 4) . HI1181 homologs existed in each of the family members but were not associated with an identifiable CRE site.
Q-PCR examination of gene expression during competence development. To determine if the pattern of putative CRE relationships identified in silico was biologically relevant, we examined the expression of a number of genes during the development of competence in MIV medium. Previous studies using ␤-galactosidase fusions demonstrated increased production of the fusion products from the CRE sites upstream of comA and rec-2 in response to competence development (26) . Expression from tfoX fusions had been shown to increase during competence development (63) . However, Bannister has shown that this effect appears to be mediated primarily by RNA secondary structure in the tfoX transcript (3). Our examination of the expression of comA and rec-2 by Q-PCR demonstrated that the expression of the two genes increased dramatically following transfer into MIV medium (Fig. 5) . Maximal increases of 117-fold (Ϯ14) for rec-2 and 97-fold (Ϯ12) for comA were observed at 60 min into competence induction. Subsequently, expression of both genes declined to pretreatment levels at 160 min. In contrast, expression of tfoX remained relatively constant, with a maximum variation of 2.6-fold (Ϯ0.6) from pretreatment levels.
Examination of genes contiguous with CRE0364 ( showed that transcription of the three genes studied appeared to drop immediately upon centrifugation but recovered to near pretreatment levels at 20 min. Transcription of HI0364 (pbp-7) and HI0368 (gcpE) did not increase more than 1.1-fold (Ϯ0.2) and 1.4-fold (Ϯ0.15) over the control levels. However, expression of HI0366 reached a maximal increase of 5.3-fold (Ϯ0.6) at 60 min after transfer into MIV. The transcription levels of all three genes examined declined below pretreatment levels after 120 min in MIV. We also examined transcription of HI0365; it demonstrated the same magnitude of increase as HI0366 at 60 min, but transcript levels after 120 min fell below the linear range determined for the primers utilized (data not shown). Examination of genes contiguous with CRE0937 ( Fig. 7) showed a transcription profile similar to those of rec-2 and comA for HI0938 and HI0939. Maximal expression was observed at 60 min into induction with increases of 83-fold (Ϯ7.9) and 35-fold (Ϯ7.4), respectively. In contrast, expression of HI0937 (suhB) and HI0942 (recC) remained relatively steadystate and showed maximal increases of 2.1-fold (Ϯ0.4) and 1.8-fold (Ϯ0.6), respectively, following transfer into MIV.
Finally, we examined expression of HI1181 (gmhA) and HI1182 (ligA), transcribed divergently from CRE1181 (Fig. 8) . Transcription of ligA demonstrated a pattern similar to those of rec-2 and comA, showing a maximal 61-fold (Ϯ10) increase at 60 min after transfer into MIV. Transcription of gmhA decreased 3.3-fold (Ϯ0.7) upon transfer into MIV and remained below the pretreatment level in the remainder of the samples.
Characterization of transformation phenotypes. Our analysis of MIV-dependent transcription of genes contiguous to CRE0364, CRE0937, and CRE1181 indicated that several new genes may be members of the competence regulon. To determine the involvement of these genes in transformation, we created mutants in HI0365, HI0366, HI0939, and ligA. Transformation frequencies in MIV medium and DNA binding and uptake abilities of these mutant strains were compared to the those of the wild-type strain (Table 4 ). The HI0365 mutant strain HI1925 was as proficient as the wild type in both transformation to novobiocin resistance and uptake and binding of labeled MAP9 DNA. In contrast, the HI0366 mutant strain HI1926 was severely impaired in the ability to transform (Ͻ10 Ϫ7 transformants/ml) and to uptake (0.3% of wild-type levels) DNA but demonstrated only a moderate decrease in DNA binding (28% of the wild type). The HI0939 mutant (strain HI1923) was also deficient in transformation (Ͻ10 Ϫ7 transformants/ml), binding (1.1%), and uptake (0.08%). The ligA mutant (strain HI1924) demonstrated only a fivefold decrease in transformation frequency and near-wild-type levels of binding and uptake (84 and 92%, respectively).
Complementation of the HI0366 mutant strain HI1926. A plasmid (pTV30) was constructed containing the CDS HI0365, HI0366, and the associated CRE site in the H. influenzae shuttle vector pSU2718. The plasmid was established by electroporation in the HI0366 deletion mutant HI1926. To assess whether the plasmid bearing HI0366 was able to complement the chromosomal deletion of the gene, Rd KW20, HI1926 (⌬HI0366) and HI1942(⌬HI0366, pTV30) were subjected to the MIV method of competence induction, and their abilities to be transformed to novobiocin resistance by MAP9 DNA were compared. The establishment of pTV30 in the HI0366 mutant strain fully complemented the deletion and restored transformation to wild-type levels. This confirms that the transformation defect in HI1926 was the result of the HI0366 deletion.
DISCUSSION
Three new members of the competence regulon in H. influenzae were identified in this study through a combination of in silico, transcriptional, and mutational analyses. Conserved CRE sites were located upstream of homologs of HI0365, HI0938, and HI1182/HI1183 in the Pasteurellaceae, and transcription of these genes increased in H. influenzae Rd KW20 in response to competence induction by transfer into MIV medium. Mutational analysis confirmed that the products of HI0366 and HI0939 are involved in transformation in Rd KW20.
The products of several of the genes shown in this study to be upregulated by competence induction exhibit similarities to proteins known to be involved with the type II secreton (T2S) and type IV pili (Tfp). Together, these are designated the PSTC proteins (for pilus, secretion, twitching motility, and competence) and have been shown to be integral parts of the transformation systems of most bacteria (17) . While H. influenzae does not produce Tfp, PSTC homologs have been identified in this organism and have a demonstrable role in transformation (16, 56) . A model has been suggested by Chen and Dubnau in which binding and uptake are mediated by a pseudopilus structure that utilizes components of the Tfp biogenesis machinery along with competence-specific pilin-like proteins (10) .
The CRE site originally associated with HI0364 actually controls the transcription of HI0365 and HI0366. Comparative analysis of this operon in other members of the family Pasteurellaceae supports this conclusion. The magnitude of change in transcription of HI0366 was not as large as observed with either rec-2 or comA. This difference might reflect the finding that transcription of this operon is higher under noncompetence-inducing conditions than in other transformation-associated operons, since this operon appears to contain a gene unrelated to transformation. Mutational analysis demonstrates that the product of HI0366, but not HI0365, appears to be involved in transformation in Rd KW20. While it might be expected that the insertion in HI0365 would have polar effects on transcription of HI0366, the insertion we created had no discernible effect on transformation efficiency or DNA binding and uptake. Nevertheless, the HI0366 deletion mutant was severely impacted in the ability to transform and uptake DNA but remained proficient in DNA binding. The phenotype displayed by the HI0366 mutant strain resembles that exhibited by the com10 mutant described by Barouki and Smith (5) . Since the defective gene in that mutant has not been identified, it is plausible that HI0366 may be the gene. The predicted product of HI0366 shares weak homology to PilF from Pseudomonas aeruginosa (29% identity). Mutations in pilF in P. aeruginosa result in the lack of discernible pili, abolition of twitching motility, and the accumulation of processed PilA in the membrane fraction (59) . This may indicate that PilF is necessary for export or assembly of pilin subunits. Since natural transformation has not been observed in this organism, it is impossible to assess a transformation phenotype in the P. aeruginosa pilF mutant. While the similarity of the product of HI0366 to PilF would suggest a similar role in H. influenzae in which it is involved in biogenesis of a transformation pseudopilus, the phenotype displayed by the HI0366 mutant is not consistent with this view. Mutations in other PSTC homologs in H. influenzae abolish both binding and uptake of DNA (16, 56) , suggesting that an intact pseudopilus structure is necessary for both binding and uptake. Since the HI0366 mutant is proficient in binding DNA, it would suggest a direct role of the protein in transferring DNA across the outer membrane, but its exact function cannot be identified at this time. We propose naming HI0366 PilF2 to recognize the similarity to P. aeruginosa PilF but to avoid confusion with the unrelated pilin biogenesis protein PilF of Neisseria gonorrhoeae. Our findings also support the inclusion of HI0938 and HI0939 as members of the competence regulon in H. influenzae. Although transcription analysis of ORFs HI0940 and HI0941 was not performed, the similarity of their predicted products to prepilin-like proteins and lack of intergenic regions between the genes suggest that these genes are also members of this operon. While the association of recC with these genes is conserved throughout the examined members of the Pasteurellaceae, Q-PCR analysis does not support the inclusion of this gene within the regulon. While RecC may be involved in recombination of transforming DNA in H. influenzae, as has been demonstrated with N. gonorrhoeae (39) , its vital role in other DNA metabolic activities would make it an unlikely candidate to be under tight control of competence development. Insertional mutagenesis of HI0939 demonstrates that its product, or that of the downstream genes, has a vital role in both uptake and binding of DNA. Unfortunately, complementation of the HI0939 mutant could not be performed, as plasmid constructs bearing HI0939 could not be established in either the wild-type or mutant strains. While the translated products of these genes lack blastp matches outside of the b Values are the number of cell-associated counts per minute for each strain are divided by cell-associated counts for Rd KW20-MIV.
